Introduction
Fluids are a critical ingredient for a variety of processes occurring in subduction zones. For instance, slab-derived fluids are thought to promote partial melting in the warm part of the overlying mantle wedge, causing magmatism. In the cold forearc region of the mantle wedge, hydration of mantle peridotite by slab-expelled fluids may lead to serpentinization [e.g., Peacock, 1990] . Thermal models for subduction zones predict temperatures of about 100−600°C in the forearc mantle, with the lower values of the range expected to occur in island arcs with thin forearc crust such as the Izu-Bonin and Mariana arcs [Hyndman and Peacock, 2003] . Antigorite, a high-temperature mineral of the serpentine group, is stable to temperatures of about 600−700°C [Ulmer and Trommdorff, 1995] . Hence, it is expected to be stable in the cold forearc mantle of these convergence margins. Seismic evidence for serpentinization of the forearc mantle has been observed in several subduction zones, including Japan, Central Andes, Cascadia, Izu-Bonin, Middle
America [Kamiya and Kobayashi, 2000; Graeber and Asch, 1999; Bostock et al., 2002; Kaminura et al., 2002; DeShon and Schwartz, 2004] . In each case, serpentinization in the mantle wedge has been identified from the detection of unusually low velocities and/or, more importantly, high Poisson's ratios.
The forearc region of the Mariana margin contains numerous active serpentinite mud volcanoes [e.g., Fryer, 1996] . Samples collected from these volcanoes show evidence for slab-derived fluids [Fryer et al., 1999] , clearly suggesting that forearc hydration is occurring there. Despite this compelling geochemical evidence, however, a strong seismic argument for subduction-related serpentinization of the Mariana forearc has yet to be reported. In this study, we use P-to-S converted waves from teleseisms recorded in the 
Data and Analysis
We applied the P-wave receiver function methodology [e.g., Kind et al., 1995; Yuan et al., 1997] Seismograms from earthquakes at epicentral distances between 30° and 95° are deconvolved to ground displacement and filtered at 2−30 sec. The waveforms are rotated from the ZNE recording system into an LQT ray coordinate system. A source equalization scheme is applied by deconvolving the P energy on the L component from the rotated traces. The resulting Q and T components are termed Q and T receiver functions (RF's), respectively. For a horizontally layered, isotopic medium, there should be no converted energy on the tangential (T) component. Presence of energy on this component is diagnostic of heterogeneity or anisotropy.
P-to-S conversions are low-amplitude phases hardly visible in individual RF's. In order to enhance these phases, the RF's are stacked along their moveout curve. Prior to stacking, RF's from different epicentral distances are moveout-corrected for primary conversion Ps using a reference distance of 67°. For the moveout-correction, we use a modified IASP91 velocity model [Kennett and Engdahl, 1991] . The modification includes a crustal P velocity model for the Mariana arc obtained from an active-source study [Takahashi et al., 2007] . The crustal S velocities were derived from that model assuming V P /V S of 1.73. To constrain the average 1-D S-wave velocity structure beneath the stations, traces resulting from stacked Q component RF's are inverted using the approach described by Kind et al. [1995] . Fig. 2B shows that no significant SH energy is associated with this feature, consistent with a subhorizontal interface and predominantly isotropic layer above it. This is in agreement with shear wave splitting measurements, which show small average splitting times in the upper 80−100 km for the region [Pozgay et al., 2007] . (3) A positive phase, which can be correlated between the longitude range of 145.3−145.7°E at ~10−11 sec delay time, is preceded ~1.4 sec earlier by (4) a negative phase ( Fig. 2A) . The timings of both the negative and positive phases seem to be consistent with shallowly westwarddipping interfaces. The presence of corresponding significant SH energy on the transverse traces unequivocally supports this view (Fig. 2B ). On the transverse traces, the two phases can be correlated throughout the sampled longitude range from 145.3 to 146.1°E. As discussed below, we interpreted these phases as being conversions from the top of the subducting low velocity Pacific crust and Pacific Moho, respectively. [Kind et al., 2002] . Fig. 2C shows the result of the migration procedure for an east-west section along AB profile. The location of the profile is indicated in Fig. 1 . The 50-km interface undulates between about 40 and 55 km depth, and is observed only east of 145.6°E. We could not infer the easternmost extent of this feature, as the available data do not sample it beyond about 146°E (Fig. 2C) . Ocean bottom seismographs deployed in the northern part of the arc do not produce clean RF's due to reverberations in the water layer, and thus do not allow examination of the outer forearc.
The 50-km interface, which we observe beneath all the stations along the Mariana margin ( Fig. 3A) , is restricted to the forearc region, sampled mostly by earthquakes from the Tonga subduction zone. A subset of data composed only of non-Tonga events sampling the forearc shows the 50-km interface too, suggesting that this feature is not associated with a near-source structure in the Tonga region. The interface is not an artifact associated with a particular ray parameter and back-azimuth, as it is imaged throughout a range of these parameters. The 50-km interface does not represent a discontinuity directly related to the subducting plate, such as the top of the slab, for two reasons. (1) Unlike the top of the slab, which is dipping westward, the 50-km interface is subhorizontal. (2) And, more importantly, there are areas where both the 50-km interface and the top of the subducted plate are imaged as two distinct features, with the former lying ~30 km above the latter (Fig. 2C) . The restriction of the 50-km interface to the forearc region suggests that a process, which is taking place exclusively in the forearc mantle, is the likely cause for this feature. Considering all these characteristics, we interpret the 50-km interface as marking the upper boundary of a LVZ that extends down to immediately above the descending Pacific plate. We believe that the LVZ represents a region in the forearc mantle hydrated (serpentinized) by slab-expelled fluids. Serpentinization of the forearc mantle causes the velocity there to decrease. The negative conversion associated with the top side of the LVZ is consistent with that, and indicates that velocity in the LVZ has become slower than that in the region above it. We do not image the lower boundary of the serpentinized region, which would show a velocity increase with depth, probably because the low-velocity subducting crust bounds this region downward. The presence of the low-velocity crust reduces the velocity contrast across that boundary making it invisible in the data. The stacked RF's for each bin were subsequently inverted for average S-wave velocities.
The inversions reveal both the upper and lower boundaries of the serpentinized zone.
Results suggest that, for the longitude range sampled by the data, the thickness of the serpentinized zone varies from ~10 km beneath Rota, Tinian and Saipan in the southern region of the margin to ~25 km beneath Guguan, Alamagan and Pagan in the northern region (Fig. 3A, bottom) . The occurrence of the serpentinized zone along the entire margin suggests that serpentinization of the forearc mantle is a widespread phenomenon in the Mariana arc. S-wave velocities in the serpentinized zone are estimated to be as low as ~3.6 km/s. S-wave velocities alone cannot rule out other possible causes for the observed anomaly. Provided our proposition is correct and following Christensen [1966] and Carlson and Miller [2003] , the estimated lower bound of S-wave velocity within the serpentinized zone represents a degree of serpentinization as high as 30−50% for the Mariana forearc mantle. This corresponds to bound water content of about 4−6 wt%. A similarly high level of serpentinization of the forearc mantle wedge has been inferred for the Cascadia margin [Bostock et al., 2002] . Serpentinization of the Mariana forearc mantle is evidenced by the occurrence in the forearc of numerous mud volcanoes, composed mainly of unconsolidated flows containing clasts of serpentinized mantle peridotite [Fryer, 1996; Fryer et al., 1999] . Beneath Tinian and Saipan, the western boundary of the serpentinized region in the mantle wedge is located ~40 km east of the volcanic front (Fig. 2C) , and most likely corresponds to the point beyond which arcward temperatures are too hot for serpentine to be stable. Data limited to records from island stations does not allow us to constrain the eastward extent of the serpentinized zone. However, presence of serpentine seamounts within about 50 km from the trench axis [Fryer et al., 1985] suggests that serpentinization (Fig. 2D) . In this longitude range, the bottom of the subducting crust (Pacific Moho) is observed between 75 and 110 km depth. Observation of the Pacific Moho at 110 km depth, suggests that at that depth, the subducting crust is still a low-velocity channel that has not yet eclogitized. Otherwise there would be little or no impedance contrast to the surrounding mantle [Helffrich et al., 1989; Hacker et al., 2003 ].
To constrain the velocity in the subducting crust, Q component RF's from events in the back-azimuth range from 180 to 360° were stacked in 1-degree latitude bins of piercing points at 100 km depth, and subsequently inverted. Most of these events sample the backarc region. Because their rays are incident in the updip direction of the slab, these events should generate clear conversion from slab interfaces. Both the top and bottom side of the subducting crust are observed only beneath the region extending from Rota to Saipan (Fig. 3B, top) . The fact that the slab is not continuously imaged along the margin may be indicative of along-strike variability in eclogitization. Fig. 3B , bottom displays inversion results for the two stacks showing conversion from slab interfaces. In the inversions, we took into account the dip of the subducting crust by adjusting the incidence angle for the theoretical traces in relation to the dip angle of the downgoing Pacific place.
The subducting crust beneath Rota, Tinian and Saipan is modeled as a 12−15 km low velocity layer with a reduction of S-wave velocity of ~10% relative to the surrounding mantle (Fig. 3B, bottom) . Unlike the thickness, which probably may have been overestimated by the inversion procedure, the inferred velocity reduction in the subducting crust is well within the range of 5−15% observed in other arcs [Helffrich and Abers, 1997; Abers, 2000; Yuan et al., 2000] , and consistent with mineral physics compilations [Hacker et al., 2003] . Gray lines are contours of seismicity [Gudmundsson and Sambridge, 1998 ], and numbers indicate depth in km to the seismogenic zone. Dots are locations of the ray-theoretical Ps piercing points at 100 km depth for the calculated RF's. Line A-B indicates the location of the profiles shown in Figure 2C 
